We investigated nephritogenic potential of antibodies to heparan sulfate-proteoglycan of glomerular basement membrane, Glomeruli were isolated, basement membranes were prepared, proteoglycans extracted, and purified core protein was obtained.
Introduction
About 35 yr ago, Krakower and Greenspon (1) described the localization of the nephrotoxic antigen of Masugi nephritis (2) within the isolated rat renal glomerulus. Since then, extensive investigatory efforts have firmly established that the glomerular Address reprint requests and correspondence to Dr. Kanwar, Department of Pathology, Northwestern University Medical School, 303 E. Chicago Ave., Chicago, IL 6061 1. Receivedfor publication 25 March 1985 and in revisedform 5 September 1985. basement membrane (GBM),' as a whole, is highly antigenic (1, [3] [4] [5] . Intravenous administration of the GBM antiserum to rats is followed by a fulminating disease process, conveniently termed nephrotoxic serum nephritis (NTN). The NTN has a biphasic course, i.e., a heterologous and an autologous phase, and is superbly detailed in a recent review by Wilson (6) . Briefly, in the heterologous phase, injected heterologous antibodies bind to the GBM soon after their administration and cause complement activation/deposition (7, 8) , polymorphonuclear leukocyte (PMN) infiltration, and endothelial exfoliation (9-13) and proteinuna (14, 15) . The autologous phase, which ensues after a week or so, is characterized by a humoral production of host IgG antibodies to the GBM (16), further deposition of C3 (16, 17) , and proliferation of the glomerular cells with accumulation of monocytes (17, 18) , and leading to an accentuated proteinuric response (15, 19) .
The GBM is made up of a wide variety of collagenous and noncollagenous glycoproteins (20, 21) . Among the well described glycoproteins of the GBM are type IV collagen (22) , laminin (23) , entactin (24) , and heparan sulfate-proteoglycans (25, 26) .
The exact nature of the antigenic portion of GBM from which nephrotoxic antibodies could be conceivably derived is somewhat ill-defined (6) . So far, the antibodies against type IV collagen and laminin have been raised but they are proven to be weakly nephrotoxic (27) (28) (29) . Moreover, the antigenic components within the GBM that bind the nephrotoxic antibodies have not been clearly identified.
Heparan sulfate-proteoglycan (HS-PG) seems to be another essential component of the GBM, which to a large extent endows the permselective properties to the renal glomerulus (30) . In this investigation we explored nephritogenicity of the antibodies, raised against the core-protein of the HS-PG isolated from purified rat GBM fractions.
Methods
Isolation and purification ofHS-PG from the GBM. Under ether anesthesia, both rat kidneys were perfused with Krebs-Ringer bicarbonate buffer containing 1% bovine serum albumin (BSA) and protease inhibitors via retrograde aortic route (31, 32) . The renal cortices were dissected free, glomeruli were isolated (1), GBM fractions were prepared (33) , and proteoglycans (PGs) were extracted from the GBMs in the presence of protease inhibitors for 48 h (26, 34) . Extracted PGs were fractionated and purified by centrifugation (35,000 rpm for 72 h at 8°C) on a CsCl gradient with an adjusted initial density of 1.42 g/ml (26, 34) . Five equal fractions (D1-D, from bottom to top) were made and DI fraction con-1. Abbreviations used in this paper: FITC, fluorescein isothiocyanate; GAG(s), glycosaminoglycan(s); GBM, glomerular basement membrane; HS-PG, heparan sulfate-proteoglycan; LRE, lamina rara externa; LRI, lamina rare interna; NCA, nitrocellulose acetate; NTN, nephrotoxic serum nephritis; PAGE, polyacrylamide gel electrophoresis; PG(s), proteoglycan(s). (46) . The grain density was computed by dividing the total grains by total area points. Finally, the mean grain density and standard deviation about the mean were determined.
Protocol ofthe nephritogenicity experiments with anti-HS-PG antibody. We used 42 female Fischer rats, weighing [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] g. 28 
Results
Characterization ofthe antigen. Amino acid analysis of the DI fraction (Table I) 6h Id 3d 5d TIME OF SACRIFICE phoresis of GAG chains of HS-PG revealed a single spot that co-migrated with heparan sulfate standard ( Fig. 2 ) and was similar to what had been isolated from proteolytic digests of the whole GBMs (25) . No sialic acid was detected, which indicates that no contaminating cell surface-associated sialoglycoproteins were present in the Di fraction. These data indicated an authentic isolation of HS-PG, the antigen, from the GBM fractions. Specificity and purity of the antibody. In the Ouchterlony double immunodiffusion agar plates, only one precipitin line was observed between the wells containing IgG-enriched fraction of the antiserum and the antigen HS-PG (Fig. 3) . No precipitin lines were seen between the walls containing the antiserum and normal serum, albumin, and collagenase, pronase, and tryptic digests of the GBM. Similarly, a single band corresponding to a molecular weight of -18,000 was observed in the autoradiograms of the SDS-PAGE/Western blot, which indicates a high specificity of the antibody to the core protein of HS-PG of the GBM (Fig. 1) . Finally, verification by indirect immunofluorescence studies confirmed the specific reactivity of the antibody. An intense immunofluorescence of the GBM was observed, with minimal staining in the mesangial regions of the glomerulus (Fig. 8 A) . We observed a somewhat lesser degree offluorescence in the extraglomerular basement membranes including those of Bowman's capsule, tubules, and blood vessels. Pulmonary alveolar basement membranes exhibited a mild to moderate degree of reactivity of the antibody directed against the core protein of HS-PG of the GBM.
The immunofixation-electrophoretic data indicated a high degree of purity of the IgG contained in various fractions of the antibody. Interestingly enough, even the initial ammonium sulfate precipitated fractions of the antisera appeared to contain mostly the IgG (Fig. 4) . In view of these findings, the antibody was considered suitable for the clearance, binding, and nephritogenicity experiments.
Clearance and binding experiment. -75% of the antibody rapidly cleared from circulation within 1 h followed by a gradual decline in the radioactivity over a period of 5 d (Fig. 5) . Concomitantly, the antibody fixation seemed to reach equilibration by I h, at which time -1.4% ("-35 ,ug) of the injected antibody (2.5 mg) was bound to the kidney; and it slowly decreased to 0.5% by the fifth day (Fig. 5) . The percent binding of anti-HS- PG antibody seemed to be similar to those of anti-GBM (48, 49) or laminin antibodies (27) . The degree of binding was proportional at lower dosages, ranging from 0.0625 to 0.25 mg, while it began to plateau to a certain degree at higher dosages (Fig. 6) . At a dose of 25 mg/50 g body weight, the antibody occupied maximally all the glomerular capillary loops as visualized by tissue autoradiography (Fig. 7 A) . At lower doses, the autoradiographic grain density decreased dramatically ( Fig. 7 B and C; Table II ). In control animals injected with equivalent amounts of normal '251I-IgG (25 mg/50 g body weight), the binding was drastically less, i.e., the amount of normal '25IIgG bound was 14.5 1Ag while that of antibody-IgG fraction was 195 /Ag/g of kidney tissue. Furthermore, the autoradiography, the technique that probably reflects far more accurate and precise specific binding of ligands than simple radiocounting, indicated the binding of the antibody as compared with normal IgG fraction in a ratio of 32:1 ( Fig. 7 D and Table II) . Finally, since the autoradiographic grains were visualized only on the glomerular capillaries, it meant that (a) the antibody retained its reactivity Heparan Sulfate-proteoglycan Antibody Nephritogenicitv 145 Morphologic studies ofnephritogenicity experiments. By light microscopy, no significant pathologic changes were seen in the control animals injected with normal rabbit serum. In contrast, mg (A) all the capillary loops show maximum-uniform binding of the antibody (arrows) and is dramatically different from the control (D). US, urinary space; GCW, glomerular capillary wall; Cap, capillary lumen. X 750.
numerous PMNs were seen in the renal glomerular capillary lumina 1 h after the intravenous administration of anti-HS-PG antibody. In some glomeruli, even 4-5 PMNs could be visualized. From 1 d onwards, only occasional PMN was observed in the glomerular capillaries. The other discernible glomerular changes included mild mesangial hypercellularity and focal increase in the mesangial matrices beginning with the sixth day and gradually accentuating with progression of time. Immunofluorescent microscopic findings are summarized in Table III . Intense uniform linear immunofluorescence ofrabbit IgG was observed on the GBMs within 1 h (Fig. 8 C) after intravenous administration of the antibody. The intensity of staining seemed to be similar at a wide range of concentrations of the antibody delivered to the animal (5-50 mg/100 g body weight), which indicates a definitive saturation of binding sites of the GBM with the amount of antibody (50 mg) used in the current experiments. The fluorescence persisted with an almost identical pattern up to 24 d (Fig. 8 D) , although the degree of staining regressed somewhat during this period. At no time did we observe any mesangial staining. The tubular basement membranes and Bowman's capsule did not fluoresce. Rat C3 also showed a linear pattern of fluorescence ( Fig. 8 E) ; however, the intensity was much less as compared with rabbit IgG. In addition, rat C3 staining was transient, it was highest at 1 h after injection of the antibody, and appeared in trace amounts at 3 d (Fig. 8  F) , and completely disappeared by the 10th d. Occasional, focal, and weak immunofluorescence was seen with rat C3 in the interstitium and tubular basement membranes in control as well as experimental animals. Rat IgG was negative throughout the course ofthe experiments. The tubular epithelium was also negative for anti-rat albumin, which indicates that no significant loss of proteins of glomerular origin had occurred. The control animals that received IgG-enriched fraction from normal rabbit serum did not have any reactivity toward rabbit or rat IgG. Electron microscopy of the renal glomeruli of the control rats revealed no significant ultrastructural alterations except for minimal swelling of the endothelial cells. The glomerular alterations in the experimental group included cellular as well as extracellular matrical changes. Soon after the introduction of the antibody, glomerular infiltration of PMNs was observed. It was most pronounced at 1 h (Fig. 9 ) and gradually diminished by 1 d. By the third day, occasional PMN was seen in the glomerular capillaries. Most ofthe PMN were apposed to the inner lining of the capillaries with their cytoplasmic pseudopods extending through the endothelial fenestrae and adhering to the GBM ( Fig. 10 A and B) . Focal endothelial detachments with a substantial portion ofthe PMN cytoplasm in direct contact with the GBM were seen (Fig. 10 A) . The endothelial cells were swollen and had marked increase in the cytoplasmic ribosomes and endoplasmic reticulum. The GBM contained regularly-spaced electron-dense deposits in the lamina rara interna (LRI) and lamina rara externa (LRE) of the GBM. The visualization of these deposits was enhanced by tannic acid fixation (Figs. 10 B and 11 A). The mesangial matrix appeared to be free ofdeposits. Extraglomerular basement membranes, i.e., those of Bowman's capsule and of tubules, did not contain any deposits. No deposits were seen in the control animals. The tubular epithelium did not exhibit any unusual amounts of lysosomal or protein absorption droplets. From the sixth day onward, there were progressive alterations in the mesangium as well as in the GBM. There was a mild mesangial hypercellularity with minimal increase in the mesangial matrices and slight thickening of the GBMs. Their rough endoplasmic reticulum and Golgi elements were somewhat prominent. By the 15th day, the changes were quite dramatic. The monocytic infiltration was evident ( Fig. 12  A and B) . The mesangial matrices were much increased and a few capillaries had mesangial interposition (Fig. 12 B) . The GBMs were focally thickened and had a knobby appearance due to numerous non-electron-dense subepithelial humps (Fig. 12  A and B) . By the 24th day, the mesangial hypercellularity progressed to the point of almost simulating, at places, a focal proliferative glomerulonephritis (Fig. 13 A) . The GBM alterations were further accentuated. The knobby appearance of the GBM could be observed in more than 50% of the capillary loops (Fig.  13 B) . The epithelial cells were somewhat swollen with prominent rough endoplasmic reticulum and Golgi elements. They had focal disruption in the organization of their foot processes associated with cytoskeletal changes in the form of aggregation of actin filaments. The dilated cisternae of endoplasmic reticulum of epithelial cells often contained electron-dense material with lamellated sheets, which was highly reminiscent of basement membrane (insets of Fig. 13 A and B) . The electron-dense deposits could still be visualized but to a lesser degree in the LRI and LRE ofthe GBM. The endothelial cells were also somewhat swollen and prominent and had increased cytoplasmic ribosomal contents. A few monocytes were seen either freely floating in the capillary lumina or attached to the endothelium. In some capillary loops monocytes were attached to the basement membranes where endothelium had exfoliated. In addition, a few platelets and fibrin thrombi were observed in the capillary lumina.
Urinary proteins. Mean urinary proteins were <2 mg/day per 100 g body weight both in experimental and control groups of animals (Table IV) , which suggests a lack of proteinuric response to the administration of normal rabbit serum or IgG enriched fraction of anti-HS-PG.
Heparan Sulfate-proteoglycan Antibody Nephritogenicity 147 observed with nephrotoxic antibodies directed against the whole GBM (2-19).
The GBM, as a large macromolecular complex, has been known for some time to be highly immunogenic and its antibodies serve as quite potent nephritogens (1, (3) (4) (5) (6) . There are several known major glycoproteins (20) (21) (22) (23) (24) ) ' ' I i > _ 4 . , 5 t > $ , s dering the feasibility of its isolation almost impossible (26) . This investigation is the first description of successful isolation of the core-protein of HS-PG directly from the purified fractions of GBM through the endothelial fenestrae. An electron-dense layer is seen in the laminae rara externa of the GBM where antibody has localized (arrows). Me, mesangium; Ep, epithelial foot processes; US, urinary space; N, nucleus of the PMN. Tannic acid glutaraldehyde perfusion fixation. A and inset, X 5,500; B, X 28,000.
the nonradiolabeled GBMs, and has almost the same amino acid composition as that isolated from whole glomeruli (26) . In view ofthe fact that the core-proteins isolated from either whole Cap Figure 11 . High power electronmicrographs of the glomerular capillary loops of animals given either IgG-enriched fraction of anti-HS-PG (A) or of normal serum (B) and killed 1 h later. Numerous electrondense deposits (arrows) are seen in the LRI and LRE of the GBM in glomeruli or GBMs have similar chemical compositions, it seems appropriate and reasonable to isolate HS-PG from whole glomeruli, where the yield could be easily increased by five-to tenfold. For reference purposes, we should mention that its amino acid composition has no similarities to the HS-PG isolated from Engelbreth-Holm Swarm (EHS)-sarcoma (5 1) or other basement membrane high molecular weight glycoproteins (23, 24) .
The preparation of polyclonal antibodies was further impeded by the fact that the core-protein is somewhat weakly immunogenic. We had to use a large amount of antigen (3-4 mg per booster injection) over a period ofat least 6-8 wk before an adequate immune response could be detected by Ouchterlony immunodiffusion method (a conventional procedure employed in past investigations in this particular field) (4, 5, 12) . Although the whole GBM is highly immunogenic, the immunogenicity of its individual components seems to be ill-defined (4-6). It is conceivable that, similar to our experience, the other antigenic the animals that received anti-HS-PG (A) . No deposits are seen in the animals that received normal IgG (B). US, urinary space; Ep, epithelial foot processes; LD, lamina densa; Cap, capillary lumen. Tannic acid glutaraldehyde perfusion fixation. X 100,000.
components of the GBM may also be weakly immunogenic. Nevertheless, a successful preparation of specific antibodies directed against the core-protein of the GBM has enabled us to carry out detailed nephritogenicity experiments. Also, with the availability of these antibodies, future experiments are likely to be readily feasible. These antibodies exhibit cross-reactivity toward tubular, vascular, and alveolar basement membranes, which indicates the presence of similar types of proteoglycans (HS-PG) in such tissues with core-proteins sharing the same antigenic determinants. Incidentally, there does not appear to be any cross-reactivity with the cell surface associated proteoglycans of liver (author's unpublished results). Moreover, the amino acid composition of the core-protein of hepatic HS-PG differs remarkably from that of the GBM (52) . Henceforth, perhaps in this very context, antibodies to core-proteins of HS-PG isolated from extraglomerular membranes may not be suitable for the nephriHeparan Sulfate-proteoglycan Antibody Nephritogenicity 151 Figure 12 . Electronmicrographs of the portions of the glomeruli from animals sacrificed on the 15th day after administration of the antibody. Monocyte (MO) infiltration is observed along with focal thickening of the basement membranes. Moderate mesangial cell (Me) hypercellularity and increase in the mesangial matrices is seen. Some of togenicity experiments. The antibodies under current investigation also do not react with the other basement membrane components as well as with the collagenase or pronase or tryptic the capillary loops exhibit mesangial interposition (arrows). There are focal detachments of the endothelium where monocytes (MO) come in contact with the GBM (arrows in inset). En, endothelium; Ep, epithelium; US, urinary space. Glutaraldehyde immersion fixation. A and inset, X 7,000; B, X 5,000.
digests of the GBM. In addition, the antibody reactivity with the core-protein of HS-PG is readily lost when the latter is subjected to even a very mild degree of proteolysis. All appears that these antibodies are highly specific and well befitted for the nephritogenicity experiments.
The nephritogenicity experiments were carried out with relatively larger doses of antibody so that the nephrotoxic effects would be fully evolved. The anticipated concern that small doses of the antibody may not produce consistent results relates to the fact that the antibodies to other glycoproteins such as laminin or type IV collagen, when administered in small amounts, failed to activate complement, induce proteinuria, or significant pathologic changes in the glomerulus (27) (28) (29) . Except for the proteinuria, activation of the complement and remarkable progressive morphologic lesions were elicited in our studies. The mild degree of proteinuria, observed in previous studies as a result of administration of anti-type IV collagen or laminin antibodies, is questionable since factors such as age, sex, and diet, which influence the urinary protein excretions, were not taken into proper consideration.
In the past, the degree of nephritogenic proteinuric response has been correlated with the amount of antibodies fixed to the kidney (48) . Usually, 175-250 gg of kidney fixed antibodies, directed against the whole GBM, has been reported to induce a dramatic proteinuric response extending from heterologous to autologous phase (48) . However, at a comparable level ofbinding of HS-PG antibody (150-225 ug), no significant proteinuria was observed, which thereby indicates its weaker nephritogenic potential. Although the absolute amount (150-225 ,g) and percent binding (0.8-1.6%) of HS-PG antibody were comparable to the binding characteristics of other GBM antibodies (27, 48, 49) ; still, it is difficult to correlate their nephrotoxicity with the results obtained in the present investigation. This is due to the fact the molecular weight, subunit composition, configuration, and antigenic determinants of various glycoproteins of the GBM vary considerably, and thus would have different antibody binding characteristics. In this investigation, despite a lack of significant proteinuric response, the ultrastructural changes seem to be quite impressive and perhaps more pronounced than those seen in the classical form of Masugi nephritis (10, 12) .
The early phase lesions included the antibody binding in the LRE and LRI of the GBM, PMN infiltration, exfoliation of the endothelium, and deposition of C3 along the capillary walls of the glomerulus. These changes seem to correspond to the lesions described for the heterologous phase of nephrotoxic nephritis. Nevertheless, the changes seem to be much more accentuated in the current model system. Interestingly enough, one could readily demonstrate the presence of antibody in the LRE and LRI in a pattern that is reminiscent of binding of immune-complexes (40, 53) to the anionic sites of the GBM (31, 54, 55) . The binding of this particular antibody to the LRE and LRI is more or less a further attestation to the fact that HS-PG residues are indeed concentrated in these strategic locations of the GBM. The complement deposition in a similar pattern and location, most likely, is secondary to or follows the initial binding of the antibody. The PMN infiltration probably represents a response to the deposition ofantibody and is possibly due to concomitant activation ofthe complement. In such a cascade of events, severe structural damage to the capillary wall would be expected with ensuing proteinuria; the latter could conceivably be due either to hydrolysis of the GBM (1 1) or to exfoliation of glomerular endothelium (13) by the PMN enzymes. The lack ofproteinuric response in the present model system despite the well established changes, i.e., infiltration of PMN and endothelial exfoliation, is somewhat intriguing and remains unexplained. Henceforth, further experimental manipulations of this model system are necessary to understand the perplexing observations. However, what remains factual is that the occupation (blocking? neutralization?) of anionic sites rich in HS-PG by the antibody per se does not cause proteinuria. Furthermore, the lack ofproteinuric response in the presence of exfoliated endothelium with PMN adherence to the GBM may suggest a more emphatic role of peripheral layers of the glomerular capillary wall (30, 56, 57) and extraglomerular hemodynamic determinants of permselectivity (30, 58) .
The monocytic infiltration in the glomerular capillaries seen from mid-time period onward resembles, to a certain extent, what is observed during the time frame of the post-heterologous/ autologous phase of nephrotoxic nephritis. The magnitude of such a cellular response seems to be the same as that reported in the traditional model of NTN (17, 18) . In this phase of NTN, the monocytic infiltration with their adherence to the GBM in the exfoliated endothelial regions is usually associated with proteinuria (15, 18) . Irrespective of such a firm relationship between glomerular alterations and enhanced transcapillary passage of proteins, we did not observe any significant proteinuria. Conceivably, in the present experiments there may not be sufficient monocytic accumulation; henceforth, cellular response may have to be accentuated to establish a better correlation between the morphologic and physiologic changes in a manner similar to what had been described in the accelerated form of NTN experimental model (18).
The dramatic glomerular changes were seen in the latter part of the disease process and appeared to be independent of the complement activation/deposition or humoral response. The lack of humoral response and autologous IgG and C3 in the GBM most likely indicate that the changes, both cellular and extracellular, do not bear stringent resemblances to the autologous phase of . The proliferative response of the mesangial cell and to a certain degree of endothelium may be due to a sustained stimulus, which may be by the translocation of minute amounts of antibody into the mesangium from the peripheral capillaries over a period of several days. With the sustained stimulus to the glomerular cells, a substantial increase in synthesis of mesangial matrix is anticipated. The matrix pro-duction may sometimes be overwhelming in certain capillary loops with consequential mesangial interposition-a change reminiscent of membrano-proliferative glomerulonephritis (59) .
Similarly, hypertrophic or stimulatory organelle changes were observed in the visceral epithelium of the glomerulus. The changes were in the form of prominent rough endoplasmic reticulum and Golgi apparatus. In addition, material resembling plicated sheets of basement membrane was seen very often in the dilated cisternae ofthe rough endoplasmic reticulum. Except for the latter substructures contained within the rough endoplasmic reticulum, the other changes do not typify NTN and have not been documented in previous investigations (9) (10) (11) (12) (13) . The ready presence of lamellated substructures (60) in the epithelial cytoplasm and remarkably impressive knob-like thickening of the GBM may suggest stepped-up synthesis of basement membrane glycoproteins. Alternatively, there may be defective degradation or organization of the basement membrane either due to the mere persistent presence of anti-HS-PG antibody in the GBM or to some undefined loss of regulatory control of synthesis/degradation by visceral epithelium, and perhaps also by the endothelium of the glomerulus. These considerations are speculative in nature and extensive investigatory efforts would be required to delineate the pathogenesis of such lesions. However, it is highly suggestive from the ultrastructural changes observed here that the visceral epithelium plays a pivotal role in synthesis/degradation and turnover of the GBM in a mature glomerulus.
In summary, another model that includes certain features of NTN is presented. It 
